The medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) coordinate various stress responses. Although the effects of stressors on mPFC and BLA activity have been previously examined, it remains unclear to what extent stressors affect functional interactions between these regions. In vivo electrophysiology in the anesthetized rat was used to examine mPFC and BLA activity simultaneously in response to FG-7142, a benzodiazepine receptor partial inverse agonist that mimics various stress responses, in an attempt to model the effects of stressors on corticolimbic functional connectivity. Extracellular unit and local field potential (LFP) recordings, using multielectrode arrays positioned in mPFC and BLA, were conducted under basal conditions and in response to systemic FG-7142 administration. This drug increased mPFC and BLA unit firing at the lowest dose tested, whereas higher doses of FG-7142 decreased various burst firing parameters in both regions. Moreover, LFP power was attenuated at lower (<1 Hz) and potentiated at higher frequencies in mPFC (1-12 Hz) and BLA (4-8 Hz). Interestingly, FG-7142 diminished synchronized unit firing, both within and between mPFC and BLA. Finally, FG-7142 decreased LFP synchronization between these regions. In a separate group of animals, pretreatment with the selective benzodiazepine receptor antagonist flumazenil blocked the changes in burst firing, LFP power and synchronized activity induced by FG-7142, confirming direct benzodiazepine receptor-mediated effects. These results indicate that FG-7142 disrupts corticolimbic network interactions via benzodiazepine receptor partial inverse agonism. Perturbation of mPFC-BLA functional connectivity induced by FG-7142 may provide a useful model of corticolimbic dysfunction induced by stressors. 
INTRODUCTION
Gene-environment interactions are thought to mediate the development of mental illness (Cooper, 2001; Nemeroff and Vale, 2005) . Stress is arguably the most important environmental factor involved, as symptom exacerbation and provocation are induced by stressors in several psychiatric diseases, including mood disorders (Battaglia and Ogliari, 2005; McEwen, 2000) . Furthermore, these disorders are characterized by dysfunction of the prefrontal cortex (PFC) and amygdala (Davidson et al., 2002; Drevets, 2001; Gilboa et al., 2004; Shin et al., 2004 ), brain regions which mediate cognitive and emotional regulation (LeDoux, 2000; Robbins, 2000) and, as such, are involved in coordinating various stress responses (Buijs and van Eden, 2000) .
Indeed, rodent studies indicate that the medial prefrontal cortex (mPFC) and basolateral amygdala (BLA) are activated by various stressors (Beck and Fibiger, 1995; Duncan et al., 1993) . These areas share reciprocal connections (McDonald, 1991 (McDonald, , 1998 and evidence from combined stimulation and in vivo electro-physiology studies indicates that these connections are functionally relevant. Electrical stimulation of BLA inhibits spontaneous activity in mPFC projection neurons, possibly by activating local GABA interneurons (Pérez-Jaranay and Vives, 1991) . Similarly, mPFC stimulation reduces the firing rate of BLA projection neurons, presumably by activating either local GABA interneurons Grace, 2001, 2002) or inhibitory recurrent collaterals of neighboring intercalated cells (Smith et al., 2000) .
The functional connectivity between mPFC and BLA is also relevant in processing sensory input related to stressful stimuli. Conditioned stressors alter activity in mPFC neurons and this effect is abolished by lesions (Garcia et al., 1999) or pharmacological inactivation (Laviolette et al., 2005) of BLA. Unconditioned stress also blocks long-term potentiation in mPFC, an effect mimicked by BLA stimulation (Maroun and Richter-Levin, 2003) . Moreover, conditioned stressor-induced activity and plasticity in BLA neurons is suppressed by concurrent mPFC stimulation (Rosenkranz et al., 2003) . However, few studies have investigated functional interactions between mPFC and BLA directly by examining neuronal activity in both regions simultaneously in response to stressful stimuli.
In an attempt to model the effects of stressors on mPFC-BLA functional connectivity, this study examined extracellular multi-unit and local field potential (LFP) activity concurrently in mPFC and BLA, in the anesthetized rat, in response to systemic administration of FG-7142. This benzodiazepine receptor partial inverse agonist mimics various behavioral, neuroendocrine, and autonomic stress responses. For example, FG-7142 causes anxiety (File et al., 1982 Pellow and File, 1986) , impairs working memory (Birnbaum et al., 1999; Murphy et al., 1996) , induces corticosterone release Stephens et al., 1987) and potentiates sympathetic arousal (Berntson et al., 1996; Hart et al., 1998) . As is the case with other stressors, FG-7142 also increases monoamine metabolism (Bradberry et al., 1991; Dazzi et al., 2002; Ida et al., 1991) and Fos activation (Kurumaji et al., 2003; Singewald et al., 2003) in mPFC and BLA. To determine if the effects of FG-7142 were mediated specifically by benzodiazepine receptor partial inverse agonism, a separate group of animals undergoing electrophysiological recordings in mPFC and BLA were pretreated with the selective benzodiazepine receptor antagonist flumazenil (FLU) prior to FG-7142 administration.
MATERIALS AND METHODS Animals
All experiments were performed on male Lister hooded rats (300-400 g) bred in the Biomedical Services Unit, University of Nottingham Medical School. Animals were housed 3-4 per cage on a 12-h light/ dark cycle (lights on at 0700 h) with free access to food and water. All experimental procedures were carried out in accordance with the Animals (Scientific Procedures) Act 1986, UK.
Surgery
All drugs and chemicals were obtained from Sigma (MO) unless otherwise stated. Anesthesia was induced with 3.5% isoflurane (IVAX Pharmaceuticals, UK) in a 50% N 2 O:50% O 2 mixture (BOC Gases, UK). The isoflurane level was reduced progressively and maintained at 2.0% throughout surgery to ensure complete inhibition of the hindpaw withdrawal reflex. Body temperature was monitored and maintained at $378C, using a homeothermic heating pad (Harvard Apparatus, UK). The femoral vein was cannulated with portex fine bore polythene tubing (0.28 mm ID; Scientific Laboratory Supplies, UK) for i.v. administration of drug (see below) prior to placing the animal in a stereotaxic frame. The incisor bar was adjusted to maintain the skull horizontal and a scalp incision was made. Separate craniotomies ($2 mm diameter) were performed over the right mPFC and BLA. The dura mater was excised and the underlying cortex was kept moist with 0.9% sodium chloride. Two eightmicrowire electrode arrays (NB Labs, TX), configured as bundles, were used to record unit and LFP activity from multiple neurons simultaneously in mPFC and BLA. Electrode arrays were lowered into the right ventral prelimbic/infralimbic cortex (3.0 mm anterior and 0.5-0.7 mm lateral to bregma; 3.8-4.2 mm ventral to the cortical surface) and basal amygdaloid nucleus (2.8 mm posterior and 4.8-5.0 mm lateral to bregma; 7.7-8.0 mm ventral to the surface of the brain), using the atlas coordinates of Paxinos and Watson (1997) .
Recording procedure
Microwire electrodes (Teflon-coated stainless steel, 50 mm diameter/wire, NB Labs, TX) had an impedance of $100 kO measured at 1 kHz (Robinson, 1968) . Electrode arrays were connected via a unity-gain multichannel headstage (HST/8m-G1, Plexon, TX) to a multichannel preamplifier. Extracellular action potential spikes and LFPs [gain 1000Â; band-pass filtered at 250-8 kHz (spikes) and 0.7-170 Hz (LFPs); Plexon] were fed to a Plexon Multichannel Acquisition Processor (MAP) Box linked to a host PC (Dell 1.5 GHz; Windows 2000), providing simultaneous 40 kHz (25 ms) A/D conversion on each channel at 12-bit resolution. The MAP system provided further additional programmable amplification and filtering of spikes (final gain up to 32000Â, final bandwidth 400-5 kHz). Unit activity was displayed on D11 5000 series dual-beam (Tektronix, OR) and 507 analog-digital (Hameg Instruments, Germany) oscilloscopes and also monitored aurally with the aid of a loudspeaker. LFP signals were digitized at 1 kHz.
Drug administration
Electrode arrays were allowed to settle for $30 min after being lowered into the mPFC and BLA prior to recording basal activity for 20-30 min in each region. Following basal recordings, animals received repeated systemic (i.v.) injections of FG-7142. In one group of animals, vehicle (10% cremophor EL in 0.5 ml/kg; Hart et al., 1998) and four doses of 1.0, 3.3, 10 .0 mg/kg in 0.5 ml/kg) were each injected every 3 min. The higher doses in the range used here are comparable to those used in previous studies examining the effects on anxiety-related behavior (Berntson et al., 1996; Birnbaum et al., 1999; File et al., 1982 File et al., , 1985 Hart et al., 1998; Murphy et al., 1996; File, 1985, 1986; Stephens et al., 1987) . Each dose was followed immediately by injection of heparinized saline (50 ml; CP Pharmaceuticals, UK) to flush the cannula and thus ensure that drug was administered completely. Drug and saline administration combined occurred over 30 s. In another group, after vehicle injection, animals were pretreated with FLU (1.0 mg/kg, i.v. in 0.5 ml/kg; Tocris, UK) prior to FG-7142 injection (10.0 mg/kg). Again, drug injections occurred every 3 min and each was followed immediately by an injection of heparinized saline.
Histology
At the end of each experiment, current (0.1 mA) was passed through random pairs of microwires in each electrode array for 5-7 s to deposit ferric ions at the electrode tips. Isoflurane levels were then increased to 5% to ensure deep anesthesia prior transcardial perfusion with 0.9% NaCl followed by a 4% paraformaldehyde/4% potassium ferrocyanide solution. Brains were removed and stored in perfusion medium until sliced. Ferrocyanide reacts with the deposited iron to produce a Prussian blue reaction at the electrode tips (Green, 1958) . Brains were sectioned (200 mm) with a vibratome (Camden Instruments, UK) and stained for acetylcholinesterase (0.021 M acetylthiocholine iodide, 0.2 M sodium phosphate monobasic, 0.6 M sodium citrate, 0.06 M cupric sulfate, 0.01 M potassium ferricyanide) to determine electrode array placements within mPFC and BLA.
Data analysis Spike sorting
Spike discrimination was achieved with Off-Line Sorter software (Plexon), using both automatic and manual sorting techniques. Principle component analysis was used to display the waveforms recorded from each electrode in three-dimensional space. Each electrode was checked for artifacts (e.g., noise) which were removed manually. Automatic sorting (valleyseeking) methods were then used to separate the waveforms into individual units. The resulting clusters were inspected and the units were considered to be separate only if the cluster borders did not overlap. Furthermore, waveforms which were not consistent with the shape of action potentials and occurred within the absolute refractory period (1.1 ms; Homayoun et al., 2005; Jackson et al., 2004) were also manually removed. Finally, clusters were considered to be single units only if the autocorrelogram showed that no significant errors occurred in sorting as a result of noise and if the firing rate during the final 150 s of the baseline period was >0.1 Hz (Kim et al., 2001) . Although most electrodes only had one discriminated unit, up to 3 units were observed on some electrodes.
mPFC neurons
Neuronal subtypes in mPFC have previously been characterized based on differences in firing rate and action potential waveform characteristics. Studies have shown that regular-spiking neurons, presumed to be pyramidal cells, have a firing rate < 10 Hz whereas fast-spiking neurons, presumed to be interneurons, fire at a rate > 10 Hz (Homayoun et al., 2005; Jung et al., 1998; Laviolette et al., 2005) . None of the neurons recorded from mPFC had firing rates > 10 Hz and were all therefore initially presumed to be pyramidal cells. Evidence from studies in which fine-tip glass electrodes were used to record neuronal activity also indicates that the majority of mPFC neurons have a biphasic waveform, with an initial negative deflection followed by a positive deflection in the action potential waveform; it is presumed that these neurons are pyramidal cells. The remaining neurons show triphasic waveforms, with a small positive deflection preceding the initial negative deflection, and are presumed to be interneurons (Gronier and Rasmussen, 2003; Sesack and Bunney, 1989) . Given that electrophysiological recordings in the present study were conducted using metal wires and not fine tip glass electrodes, the utility of using these waveform criteria to classify neuronal subtypes may be limited. Nevertheless, examination of the average waveform shape (first 500 waveforms of each unit; data not shown) of the units recorded in the present study revealed that all but two of the neurons exhibited waveform characteristics consistent with pyramidal cells; the two which were putatively characterized as interneurons were omitted from the data analysis. A paucity of recordings from interneurons in mPFC has been observed in other studies (Homayoun et al., 2005; Jackson et al., 2004; Laviolette et al., 2005) and is likely due to both anatomical and technical considerations. Anatomical studies indicate that the majority of neurons in mPFC are pyramidal cells (Gabbott et al., 1997) . Furthermore, the large diameter (50 mm) metal electrodes used in the present study preferentially detect activity in larger pyramidal cells when compared with smaller interneurons (Snodderly, 1973) .
BLA neurons
Characterization of distinct subtypes of BLA neurons is also possible based on differences in basal firing rate and action potential duration. Again, two distinct neuronal populations have been identified in BLA such that fast-firing neurons with short duration action potentials are presumed to be interneurons, whereas slow-firing neurons with long duration action potentials are thought to be pyramidal cells (Pistis et al., 2004; Rosenkranz and Grace, 1999) . However, examination of basal firing rate and action potential duration of units recorded in the present study did not show any obvious relationship between these two parameters, suggesting that the majority of units were of the same neuronal subtype. Thus, given that most neurons in BLA are pyramidal cells (McDonald and Mascagni, 2001) , and that the electrodes used in the present study detect activity preferentially from larger neurons (Snodderly, 1973) , it is tempting to speculate that the majority of BLA units recorded from in the present study were pyramidal cells. Although previous studies of BLA unit recordings have not used waveform shape as a criterion in determining the neuronal subtype in this region, the four BLA neurons which exhibited triphasic waveforms in the present study were omitted from the data analysis.
Firing rate
Electrophysiological data were analyzed using NeuroExplorer (TX). Basal firing rate was defined as the average firing rate (Hz) during the final 150 s of the baseline recording period (i.e., immediately preceding vehicle infusion). The effects of vehicle injection on basal firing rate in mPFC and BLA were determined separately, using paired t-tests. Given that i.v. administration of FG-7142, or FLU pretreatment followed by FG-7142, had immediate and sustained effects on unit and LFP activity, average firing rate was determined for the 150 s period immediately following vehicle or drug injection. The effects of increasing dose of FG-7142 were expressed as a percentage of vehicle (6SEM) and were compared separately in mPFC and BLA using a one-way analysis of variance (ANOVA), with dose as the within-subject factor. Similarly, the effects of FLU pretreatment on FG-7142-induced changes in firing rate were analyzed separately in mPFC and BLA using a one-way ANOVA, again with drug as the within-subject factor. Post hoc comparisons were performed using Tukey's Honestly Significant Difference (HSD) test.
Burst firing parameters
There are two widely accepted methods of examining burst firing parameters based on differences in the interstimulus interval (ISI) distribution of unit firing (Homayoun et al., 2005) . In the histogram method, ISI histograms are used to determine the distribution of burst ISIs when compared with other ISIs in a given spike train (Cocatre-Zielgien and Delcomyn, 1992) . However, this method, often used for detecting regular bursting patterns seen in tonically firing neurons, does not detect bursts with highly variable ISIs (Kaneoke and Vitek, 1996) . In the Poisson surprise method, bursts are defined as groups of spikes whereby successive ISIs in a given spike train do not follow a Poisson distribution based on the mean firing rate of the spike train (Boraud et al., 2002; Legendy and Salcman, 1985) . Bursts are thus detected by locating consecutive ISIs of less than half the mean ISI and then testing whether they would be expected if the spike train followed a Poisson distribution (Homayoun et al., 2005) . In the present study, both mPFC and BLA units displayed an irregular activity pattern characterized by periods of low tonic activity coupled with phasic burst firing, therefore the Poisson surprise method of burst detection was used to analyze burst firing parameters. The surprise value used in the Poisson surprise method can be defined as the negative natural logarithm of the probability that a series of spikes in a given time interval is significantly different from that expected from a Poisson process with the same mean firing rate (Homayoun et al., 2005; Legendy and Salcman, 1985) . The surprise value provides an estimate of the statistical significance of the burst detection. In the present study a surprise value of three was used, indicating that bursts occur $20 times (P < 0.05) more frequently than would be expected in a Poisson distribution with the same mean firing rate (Homayoun et al., 2005) . The burst parameters measured (NeuroExplorer) were the number of bursts occurring per minute (bursts/min), the percentage of spikes firing in bursts and the number of spikes occurring in each burst (spikes/ burst). The effects of FG-7142 dose on each burst parameter during the 150 s period immediately following injection were compared with vehicle. Similarly, the effects of FLU and FG-7142 on bursting parameters during the 150 s period immediately following drug injection were compared with vehicle. Each burst parameter was analyzed separately in mPFC and BLA using a one-way ANOVA, with dose (FG-7142) or drug (FLU pretreatment) as the within-subject factor. Again, post hoc comparisons were performed using Tukey's HSD test.
LFP activity
The LFP can be considered the vector sum of all (i.e., dendritic, somatic, axonal, synaptic) electrical activity in a relatively large volume (up to 1 mm 3 ) and is therefore attributable to both pre-and postsynaptic activity in many neurons in a given region (Bullock, 1997) . Power spectra were generated from the 150 s epochs associated with each dose of FG-7142, using periodogram-based spectral estimation techniques (Halliday et al., 1995) . Power spectra were also generated in response to administration of vehicle, FLU and FG-7142 in the antagonist pretreatment experiment. Comparisons between the effects of vehicle and FG-7142 (10.0 mg/kg), or FG-7142 and FLU, on signal power were made using a log ratio comparison of spectra test (Diggle, 1990) . Confidence intervals (95%) for these ratios were used to characterize any statistically significant differences in power between conditions.
Coherence analysis
Coherence is a measure of linear association between two signals (units and/or LFPs) in the frequency domain (Halliday et al., 1995) . This measure is dimensionless and is bounded from 0 to 1; a value of zero indicates no linear relationship and a value of one indicates two identical signals at a particular frequency. Coherence spectra were calculated from the periodogram-based spectral estimates described earlier, and pairwise comparisons (unit or LFPs) corresponding to FG-7142 dose, or FG-7142 and FLU in the antagonist experiment, were generated by dividing the experimental records into a number of sections of equal duration (150 s). Coherence spectra for a random pair of mPFC neurons, a random pair of BLA neurons and one random unit in each of mPFC and BLA were generated from each animal. Individual coherence spectra were then combined across animals to give pooled coherence estimates that examine the functional coupling of unit activity within mPFC, within BLA, or between mPFC and BLA across the population of animals in each group (Amjad et al., 1997) . LFP coherence spectra from each experiment were also combined across animals in the same manner. Comparisons between the effects of vehicle and FG-7142 (10.0 mg/kg), or FG-7142 and FLU, on pooled coherence were undertaken using a comparison of coherence test (Rosenberg et al., 1989) . Confidence intervals (95%) for these comparisons were used to examine any statistically significant differences in unit (mPFC-mPFC, BLA-BLA, mPFC-BLA) or LFP coherence.
Cumulant density analysis
Time domain analysis of correlation between units or LFPs was undertaken using cumulant density estimates (Halliday et al., 1995) . These provide a measure of correlation and have a similar interpretation to cross-correlation functions. Cumulant density estimates were constructed from the same cross-spectral estimates described earlier. The expected value of cumulant density estimates for uncorrelated signals is zero. Upper and lower 95% confidence intervals were used to indicate the presence of significant departures from zero at a particular time lead or lag. Cumulant densities were calculated for the same pairs of neurons and using the same data as the coherence estimates described earlier. Cumulant densities were also computed for LFPs in mPFC and BLA from the same data segments as the corresponding coherence estimates. Cumulant densities from each experiment were then combined across animals to examine the correlation of unit activity within mPFC, within BLA, or between mPFC and BLA. Differences in cumulant density were examined qualitatively in response to varying doses of FG-7142 or the effects of FG-7142 after prior FLU pretreatment. MATLAB scripts for the spectral, coherence, and cumulant density analysis are available from www.neurospec.org.
RESULTS
The location of multi-electrode arrays within the mPFC and BLA are illustrated in Figure 1 . Only animals with histologically-confirmed placements in mPFC (ventral prelimbic or infralimbic cortices) or BLA (basal nucleus) were included in the data analysis. Six rats in the FG-7142 group and four rats in the FLU pretreatment group met histological criteria.
Multiple unit and LFP activity in mPFC and BLA from one experiment are shown in Figure 2 . Neurons in both regions exhibited an irregular firing pattern characterized by periods of very low tonic activity coupled with phasic burst firing. This pattern of activity has been reported by others conducting in vivo extracellular recordings from mPFC (Gronier and Rasmussen, 2003; Homayoun et al., 2005; Jackson et al., 2004) and BLA (Ponomarenko et al., 2003) neurons in the rat. The LFP activity pattern mirrored that of neuronal firing in each region such that the initial negative deflection in potential coincided with neuronal bursting in mPFC and BLA. This temporal association between unit and LFP activity has been reported previously in both cortical and amygdaloid regions (Collins et al., 2001; Steriade, 1997) . It should be noted that the low frequency LFP activity seen under basal conditions and in response to vehicle is not due to true slow wave oscillations but rather to the \average" of high frequency activity of short duration and the very low activity periods of longer duration observed during the 150 s epoch.
Effects of FG-7142 on unit firing rate
In the animals treated with increasing doses of FG-7142, neurons in mPFC (n ¼ 41) and BLA (n ¼ 40) had mean (6SEM) firing rates of 1.95 6 0.26 Hz and 1.13 6 0.15 Hz, respectively, during the basal recording period. Vehicle had a modest, albeit significant, effect on basal firing rate in mPFC (2.15 6 0.33 Hz; t (40) ¼ 2.10, P ¼ 0.042) but not BLA (1.24 6 0.19 Hz; t (39) ¼ 1.43, P ¼ 0.16) neurons. The effects of FG-7142 on unit firing rate are represented in Figure 3 . FG-7142 increased the mean firing rate of mPFC (F (4,40) ¼ 8.33, P < 0.0001) and BLA (F (4,39) ¼ 10.5, P < 0.0001) neurons. However, post hoc analysis revealed that the mean firing rates of both mPFC and BLA neurons were significantly increased only at the Figure 4 shows the effects of FG-7142 on various burst firing parameters in mPFC and BLA neurons. In contrast to its effects on firing rate, FG-7142 decreased mPFC and BLA burst firing parameters at the higher doses tested. In mPFC, the percentage of spikes firing in bursts (F (4,40) ¼ 62.18, P < 0.0001) and mean number of spikes/burst (F (4,40) ¼ 17.28, P < 0.0001) were significantly decreased at 1.0, 3.3 and 10.0 mg/kg, compared with vehicle (P < 0.05). Similarly, in BLA the mean number of bursts/min (F (4,39) ¼ 7.26, P < 0.0001) and percentage of spikes firing in bursts (F (4,39) ¼ 30.27, P < 0.0001) were significantly decreased at 1.0, 3.3, and 10.0 mg/kg, compared with vehicle (P < 0.05). The mean number of spikes/burst (F (4,39) ¼ 4.81, P < 0.002) was also significantly decreased at 3.3 and 10.0 mg/kg, compared with vehicle (P < 0.05), in BLA.
FG-7142 decreases unit burst firing

FG-7142 alters LFP activity
The effects of FG-7142 on LFP activity in mPFC and BLA are represented in Figure 5 . In general, FG-7142 decreased LFP power at low and increased power at higher frequencies in mPFC and BLA across the dose range tested, although only data for the highest dose of FG-7142 are shown. In mPFC, the log ratio test indicated that FG-7142 significantly decreased power at low (<1 Hz) frequencies and significantly increased power in the delta (1-4 Hz), theta (4-8 Hz) and alpha (8-12 Hz) bands, compared with vehicle (P < 0.05). Similarly, in BLA, FG-7142 significantly decreased power at low (<1 Hz) frequencies whereas power was significantly increased in the theta band, compared with vehicle (P < 0.05). These changes in power most likely indicate a shift in the pattern of LFP activity from the irregular, higher amplitude deflections in potential seen in response to vehicle, to the more oscillatory, lower amplitude deflections in potential observed in response to FG-7142 (Fig. 2) .
FG-7142 disrupts the functional connectivity
within and between mPFC and BLA Figure 6 shows the effects of FG-7142 on unit coherence, within mPFC or BLA and between mPFC and BLA. FG-7142 had little or no effect on unit coherence at the lowest dose tested (data not shown), whereas higher doses decreased unit coherence within and between PFC and BLA (only data for the highest dose of FG-7142 are shown). Units within mPFC or BLA displayed coherence across the frequency range (0-15 Hz) in response to vehicle (P < 0.05), indicating that unit firing was linearly related in each of these regions. Coherence between mPFC and BLA units was also observed at lower frequencies (0-8 Hz) in response to vehicle (P < 0.05). Comparison of coherence tests indicated that FG-7142 significantly attenuated unit coherence within mPFC or BLA, compared with vehicle (P < 0.05). Moreover, there was no significant coherence between mPFC and BLA units in response to FG-7142, indicating a loss of synchronization of unit firing between these regions.
The effects of FG-7142 on unit cumulant density in mPFC and BLA are displayed in Figure 7 . Again, there were no effects of FG-7142 on cumulant density within or between mPFC and BLA at the lowest dose tested (data not shown); however, higher doses of FG-7142 decreased cumulant density (only data for highest dose are shown). As was the case with coherence, units within mPFC or BLA showed significant cumulant densities in response to vehicle (P < 0.05), indicating a positive temporal relationship in unit firing within these regions. Qualitative analysis indicated that FG-7142 decreased unit cumulant density within mPFC or BLA. Cumulant density between mPFC and BLA units was also significant in response to vehicle (P < 0.05). Again, as was the case with unit coherence, there was no significant cumulant density between mPFC and BLA units in response to FG-7142, also indicating a loss of synchronization in mPFC and BLA unit firing. Figure 8 shows the effects of FG-7142 on LFP coherence and cumulant density. FG-7142 had similar effects on coherence and cumulant density between mPFC and BLA LFPs at each dose tested, although only data for highest dose are shown. In contrast to unit coherence, LFPs in mPFC and BLA showed coherence across the frequency range in response to vehicle. However, the comparison of coherence test did reveal that FG-7142 significantly decreased LFP coherence at low frequencies (<2 Hz), compared with vehicle (P < 0.05). While mPFC and BLA LFPs showed significant cumulant densities in response to both vehicle and FG-7142, the cumulant density in response to FG-7142 had a more oscillatory form compared with vehicle, indicating an increase in the oscillatory activity in mPFC and BLA induced by FG-7142 (Fig. 2) .
Effects of FLU on unit firing rate
From the results of the FG-7142 experiments it was apparent that this drug had different dose-related effects depending on the measure examined. For example, whereas FG-7142 increased unit activity only at the lowest dose (0.33 mg/kg) tested, the burst firing parameters and unit synchronization measures were only affected at higher doses. Given that the main objective of these experiments was to examine the effects of this drug on corticolimbic functional interactions, the FLU pretreatment experiments were conducted using the highest dose (10.0 mg/kg) of FG-7142 tested, despite the fact that this dose had no effect on unit firing rate.
The effects of FLU (1.0 mg/kg) on firing rate in mPFC and BLA are represented in Figure 9 . In mPFC neurons, there was a significant main effect of drug in animals pretreated with FLU prior to FG-7142 (10.0 mg/kg) administration (n ¼ 31, F (2,30) ¼ 56.27, P < 0.0001). Post hoc analysis revealed that FLU significantly decreased mean firing rate, although there was no significant effect of FG-7142 on mean firing rate, compared with FLU. Similarly, in BLA neurons there was a significant main effect of drug in animals pretreated with FLU (n ¼ 26, F (2,25) ¼ 16.13, P < 0.0001). As was the case in mPFC, post hoc analysis also revealed that FLU significantly decreased mean firing rate (P < 0.05). Again, there was no significant effect of FG-7142 on mean firing rate, compared with FLU.
FLU pretreatment blocks the effects of FG-7142 on burst firing parameters Figure 10 depicts the effects of FLU pretreatment on FG-7142-induced changes in burst firing parameters in mPFC and BLA. In general, FLU pretreatment abolished the decrease in mPFC and BLA neuronal bursting that was expected in response to FG-7142 administration. However, FLU did decrease burst firing parameters in mPFC and BLA, compared with vehicle. There was a significant main effect of drug on the mean number of bursts/min (F (2,30) ¼ 64.22, P < 0.0001) and percentage of spikes firing in bursts (F (2,30) ¼ 5.01, P < 0.01) in mPFC neurons. Post hoc analysis revealed that, although FLU significantly decreased the mean number of bursts/min (P < 0.05) and percentage of spikes firing in bursts (P < 0.05), compared with vehicle, there was no significant effect of FG-7142, compared with FLU, on these two measures. Significant main effects of drug on the mean number of bursts/min (F (2,25) ¼ 22.91, P < 0.0001) and percentage of spikes firing in bursts (F (2,25) ¼ 16.50, P < 0.0001) were also seen in BLA neurons. Again, post hoc analysis revealed that FLU significantly decreased the mean number of bursts/ min (P < 0.05) and percentage of spikes firing in bursts (P < 0.05), compared with vehicle, although there was no significant effect of FG-7142, compared with FLU, on either of these two measures. There was no significant main effect of drug on the mean number of spikes/burst in mPFC (F (2,30) ¼ 0.76, P ¼ 0.47) or BLA (F (2,25) ¼ 1.54, P ¼ 0.23).
FLU pretreatment abolishes the effects of FG-7142 on LFP activity
The effects of FLU pretreatment on FG-7142-induced alterations in LFP activity are shown in Figure 11 . FLU decreased LFP power in both mPFC and BLA, compared with vehicle, over the entire frequency range. However, log ratio tests revealed little significant difference in power between FLU and FG-7142 at any frequency in either region, indicating that FLU pretreatment blocked the effects of FG-7412 on LFP activity in mPFC and BLA. sity. The solid and dashed lines correspond to vehicle and FG-7142, respectively, in the coherence and cumulant density plots (data for lower doses of FG-7142 not shown). LFPs in mPFC and BLA showed coherence across the whole frequency range in response to both vehicle and FG-7142 (upper right). However, the comparison of coherence test (upper right) revealed that FG-7142 significantly decreased LFP coherence at low frequencies (<2 Hz), compared with vehicle (vehicle is the reference in the comparison). Although LFPs in mPFC and BLA displayed significant cumulant densities in response to both vehicle and FG-7142 (lower plot), the cumulant density peak in response to FG-7142 was narrower and had additional negative components, reflecting enhanced oscillatory LFP activity.
FLU pretreatment blocks FG-7142-induced disruption of synchronization within and between mPFC and BLA Figure 12 depicts the effects of FLU pretreatment on FG-7142-induced changes in unit coherence. Comparison of coherence tests revealed no significant difference in coherence in response to FG-7142 and FLU, within mPFC or BLA and between mPFC and BLA, indicating that pretreatment with FLU abolished the effects of FG-7142 on unit coherence.
The effects of pretreatment with FLU on changes in unit cumulant density induced by FG-7142 are Administration of FLU significantly decreased the mean number of bursts/min (* VEH vs. FLU and FG-7142, P < 0.05) and percentage of spikes firing in bursts (* VEH vs. FLU, P < 0.05) in mPFC. FLU had the same effect on the mean number of bursts/min (* VEH vs. FLU and FG-7142, P < 0.05) and percentage of spikes firing in bursts (* VEH vs. FLU and FG-7142, P < 0.05) in BLA. There was no effect of FLU on the mean number of spikes/burst in mPFC or BLA. FG-7142 had no significant effect on any burst firing parameters in either region after FLU pretreatment.
represented in Figure 13 . Although FLU decreased cumulant density, within mPFC or BLA and between mPFC and BLA, there was no effect of FG-7142 after FLU pretreatment. Thus, prior administration with FLU blocked the effects of FG-7142 on unit cumulant density. Figure 14 shows the effects of FLU pretreatment on changes in LFP coherence and cumulant density induced by FG-7142. As was the case for unit coherence, the comparison of coherence test revealed no significant effect of FG-7142 on LFP coherence when administered after pretreatment with FLU. This indicates that FLU pretreatment abolished the effects of FG-7142 on LFP coherence. FLU decreased LFP cumulant density, although there was no effect of FG-7142, compared with FLU, on this measure. Again, this indicates that the effects of FG-7142 on LFP cumulant density are blocked by pretreatment with FLU.
DISCUSSION
In the present study, in vivo electrophysiology was used to examine the effects of systemic administration of FG-7142, a benzodiazepine receptor partial inverse agonist, on mPFC and BLA activity in the anesthetized rat. This drug increased neuronal firing rates in both mPFC and BLA at the lowest dose tested. Conversely, various burst firing parameters in these regions were decreased with higher doses of FG-7142. LFPs in mPFC and BLA were also altered by FG-7142, inducing a change in pattern from irregular to oscillatory activity. LFP power was decreased at the lowest frequencies (<1 Hz) in both regions and increased at higher frequencies in mPFC (1-12 Hz) and BLA (4-8 Hz). Interestingly, FG-7142 attenuated the functional coupling of neuronal activity within each of these two regions and diminished synchronized LFP activity between mPFC and BLA. Moreover, the synchronization of unit activity between mPFC and BLA was completely disrupted by FG-7142. These results indicate that systemic FG-7142 administration disrupts the functional connectivity both within and between mPFC and BLA. Given that FG-7142 mimics several behavioral (Birnbaum et al., 1999; File et al., 1982 File et al., , 1985 Murphy et al., 1996; Pellow and File, 1986) , neuroendocrine Stephens et al., 1987) and autonomic (Berntson et al., 1996; Hart et al., 1998) stress responses modulated by mPFC and BLA (Buijs and van Eden, 2000) , it is tempting to speculate that disruption of neuronal network interactions within and between these regions may model certain aspects of corticolimbic dysfunction induced by stressors.
The observation that FG-7142 administration increased neuronal firing rate in mPFC and BLA may not be surprising as benzodiazepine receptor partial inverse agonism would be expected to decrease inhibition mediated by local GABA interneurons and, consequently, disinhibit activity in pyramidal neurons (Palmer et al., 1988) . However, it remains unclear why only the lowest dose of FG-7142 increased neuronal activity. However, it is possible that the distinct subtypes of GABA interneurons present in mPFC (Gabbott et al., 1997; Kawaguchi and Kondo, 2002; Kawaguchi and Kubota, 1997) and BLA (McDonald and Mascagni, 2001 , 2002 Muller et al., 2003; are involved in mediating this dose-related increase in unit firing. FG-7142 also elevates monoamine metabolism in mPFC and BLA (Bradberry et al., 1991; Dazzi et al., 2002; Ida et al., 1991) and evidence indicates that monoamines can attenuate unit firing rate in these regions (Mantz et al., 1988; Nakano et al., 1987; Rosenkranz and Grace, 1999; Sesack and Bunney, 1989 ). Thus, it is possible that low doses of FG-7142 increase neuronal activity by a direct GABA A receptor-mediated mechanism of action, whereas higher doses of drug may have opposing effects on neuronal firing by acting both directly and indirectly via monoamine receptor activation. In addition to its effects on monoamine neurotransmission, this drug also induces glucocorticoid release Stephens et al., 1987) . Previous studies indicate that corticosterone alters neuronal activity in mPFC and BLA (Feldman et al., 1983) , raising the possibility that FG-7142 exerts its effects on mPFC and BLA activity indirectly via glucocorticoid receptor activation. However, this explanation does not account for the dose-related effects of FG-7142 on unit activity observed in this report. In contrast to the lack of effect on neuronal firing rate, higher doses of FG-7142 changed the pattern of unit firing in mPFC and BLA, resulting in attenuated burst firing parameters in these regions. Neuronal burst firing is thought to play an important role in information processing by enhancing synaptic transmission via increased neurotransmitter release and synaptic plasticity. Furthermore, it is hypothesized that information conveyed by bursts is qualitatively different from that of single spike firing (Cooper, 2002) , such that certain burst firing parameters may mediate selective communication between neurons (Krahe and Gabbiani, 2004) . Burst firing in mPFC is diminished by systemic administration of NMDA receptor antagonists, drugs which also disrupt working memory (Homayoun et al., 2005; Jackson et al., 2004) . Given that NMDA receptor hypofunction and FG-7142 treatment have similar effects on mPFC bursting and working memory (Birnbaum et al., 1999; Murphy et al., 1996) , burst firing in mPFC may play a critical role in mediating cognitive functions such as attention and vigilance (Krahe and Gabbiani, 2004) . Similarly, amygdaloid bursts occur in response to affectively relevant stimuli (Nishijo et al., 1988) . Moreover, bursting in individual BLA neurons may facilitate synaptic transmission in neighboring cells and thus promote burst firing in populations of excitatory projection neurons (Paré et al., 1995) .
The alterations in FG-7142-induced LFP activity seen in the present study are similar to those reported in previous studies. This drug increases LFP power in the delta (1-4 Hz) and theta (4-8 Hz) bands in various cortical regions, an effect blocked with FLU coadministration (Ehlers et al., 1990; Massotti, 1985; Massotti et al., 1985) . Interestingly, as well as impairing working memory and burst firing in mPFC, systemic administration of NMDA receptor antagonists also increases LFP power in the delta band in this region (Sebban et al., 2002) . Therefore, altered LFP activity in mPFC may represent another common mechanism by which cognitive function is perturbed. Conversely, increased theta band power in amygdala occurs in response to conditioned stress, suggesting that LFP activity in this region may facilitate consolidation of aversive learning by promoting synaptic plasticity (Paré et al., 2002) .
The positive temporal relationship between activity in mPFC and BLA neurons observed in the present study is also in general agreement with the results of a recent study (Likhtik et al., 2005) and may occur as a result of the direct reciprocal projections between these regions (McDonald, 1991 (McDonald, , 1998 . However, the BLA and mPFC also receive common sources of afferent input from thalamus (Krettek and Price, 1977; Ray and Price, 1992) , hippocampus (Ishikawa and Nakamura, in press) and monoamine cell bodies (Fallon et al., 1978; Oades and Halliday, 1987; Room et al., 1981) . Therefore these regions are also likely to contribute to the pattern of correlated activity between neurons in mPFC and BLA observed in this report.
Functional interactions between mPFC and BLA also appear to be relevant in processing sensory information associated with stressors. Electrical stimulation of mPFC suppresses both neuronal activity and plasticity in BLA induced by conditioned stressors (Rosenkranz et al., 2003) . Conditioned stress also increases spontaneous activity and burst firing in a subpopulation of mPFC neurons which receive input from BLA, an effect which is abolished by BLA inactivation. These results suggest that both descending corticoamygdaloid and ascending amygdalocortical pathways play a critical role in forming affectively significant associations during aversive learning (Laviolette et al., 2005) . Interestingly, prior acute or chronic stress interferes with the subsequent extinction of fear conditioning or the recall of extinction learning (Izquierdo et al., 2006; Miracle et al., 2006) , processes mediated by both mPFC (Milad and Quirk, 2002; Morgan and LeDoux, 1995; Quirk et al., 2000) and BLA (Chhatwal et al., 2005; Falls et al., 1992; Walker et al., 2002) . Thus, the FG-7142-induced disruption of synchronized activity within and between mPFC and BLA reported in the present study may provide a useful model for examining the effects of stressors on corticolimbic interactions. However, given the ubiquitous nature of benzodiazepine receptor expression in the central nervous system (Mugnaini and Oertel, 1985) , the effects of systemic FG-7142 administration should be interpreted with caution. Future experiments comparing the effects of systemic and intracerebral administration of FG-7142 on mPFC-BLA functional interactions should prove useful in clarifying this issue. Although FLU decreased cumulant density, both within and between mPFC and BLA, there was no effect of FG-7142 after prior administration with FLU.
Functional imaging studies in humans have also demonstrated functional coupling between frontal cortex and amygdala in healthy individuals, both at rest (Zald et al., 1998) and during emotional processing tasks (Winston et al., 2003) . Interestingly, presentation of aversive olfactory stimuli reduces interhemispheric functional coupling within frontal cortex and amygdala, as well as intrahemispheric functional coupling between these regions (Zald et al., 1998) . Moreover, it has been hypothesized that dysfunctional frontocortical-amygdaloid connectivity may underlie the alterations in mPFC and amygdaloid function observed in mood disorders (Davidson et al., 2002; Irwin et al., 2004) .
In planning the FLU pretreatment experiments, it was not initially apparent which dose of FG-7142 to use given the different dose-related effects FG-7142 had on the various activity and synchrony measures examined. Whereas FG-7142 increased unit activity only at the lowest dose (0.33 mg/kg) tested, the burst firing parameters and unit synchronization measures were only affected at higher doses. The primary objective of this study was to examine the effects of FG-7142 on corticolimbic functional interactions. Thus, the FLU pretreatment experiments were conducted using the highest dose (10.0 mg/kg) of FG-7142 tested, despite the fact that this dose had no effect on unit firing rate.
The effects of FG-7142 on burst firing, LFP activity, and both unit and LFP synchronization observed in this study were blocked with prior systemic administration of FLU, a selective benzodiazepine receptor antagonist. This suggests that the effects of FG-7142 reported in the present study were mediated via partial inverse agonism of the benzodiazepine receptor. FLU alone, however, attenuated neuronal firing rate, selected bursting parameters and LFP power in both mPFC and BLA. At first glance these effects may seem unexpected given that partial inverse agonism by FG-7142 and antagonism by FLU would both be expected to disinhibit pyramidal cells in mPFC and BLA. However, closer scrutiny of the literature regarding the mechanisms of action attributed to FLU indicates that this drug is not a \pure" antagonist but rather acts as a partial agonist at the benzodiazepine receptor (Brtitton et al., 1988; Buldakova and Weiss, 1997; Dantzer and Perio, 1982; Marescaux et al., 1984; Nutt et al., 1982; Obradovic et al., 2003; Pellow et al., 1984; Polc et al., 1995) .
Examination of the lack of effects of FG-7142 on selected burst firing parameters, LFP power and both unit and LFP cumulant density after FLU pretreatment suggest the possibility of a floor effect. FLU pretreatment may not have blocked the effects of FG-7142 on these measures but rather decreased them so much that a further decrease after FG-7142 administration would not be possible. However, FLU alone did not affect other measures, such as bursts/ min and both unit and LFP coherence, but FG-7142 had no effect when administered after FLU pretreatment, suggesting that FLU blocked the effects of FG-7142 on at least some of the measures examined.
In the present study, FG-7142 increased mPFC and BLA unit firing at the lowest dose tested and decreased burst firing at higher doses in these regions. FG-7142 also diminished LFP power at low frequencies and enhanced power at higher frequencies in mPFC and BLA. Importantly, FG-7142 attenuated synchronized unit firing, within and between mPFC and BLA. LFP synchronization between these areas was also decreased by FG-7142. Finally, FLU pretreatment blocked the changes in burst firing, LFP power, and synchronization of both unit and LFP activity induced by FG-7142. Studies conducted in the future comparing the effects of conventional stressors and FG-7142 on the functional connectivity between mPFC and BLA will be useful to confirm the validity of using FG-7142 to model the effects of stress on corticolimbic network interactions. The effects of isoflurane, the anesthetic used in the present study, are mediated in part by potentiating cortical (Hentschke et al., 2005) and amygdaloid (Ranft et al., 2004 ) GABA A receptor function, the site of benzodiazepine binding and action of FG-7142 and FLU. Thus, future experiments conducted in the freely-behaving animal will avoid the potential confound of drug interactions between isoflurane, FG-7142 and/or FLU. 
